Introduction
Energetic materials are a class of materials which can release the stored chemical energy in a short time upon external stimulation, including heat, shock or electrical current. The process will generate pressure up to 50 GPa and temperature as high as 5500 K, 1 which will induce the energetic materials to transform into different phases and affect the reaction process. Thus, investigations on the phase evolution and the followed decomposition reaction of energetic materials under extreme conditions are critical to understand the real detonation process and will be benecial for designing the new energetic materials with high energy density and improved safety.
Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) (Fig. 1a) is one of the widely used energetic materials. At ambient pressure, it has four polymorphs (a, b, g and d), which can be obtained by controlling the crystallization rate in solution. 2 The a, b and d phases are pure crystalline phases, while the g-HMX is a hydrate. 3 In practice, the sensitivity and the detonation velocity are very important parameters, which are closely related to the solid-state structure. Among the fourth phases, b-HMX is the most favourable phase for military energetic materials because of the highest density and the lowest 
sensitivity.
1 At ambient condition, b-HMX (monoclinic, P2 1 /c) is the most stable phase, with a unit cell a ¼ 6.54Å, b ¼ 11.05Å, c ¼ 8.70Å; b ¼ 124. 3 . 4 Its crystal structure including hydrogen atom positions was determined by neutron diffraction in 1970.
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The b-HMX molecules are in chair conformation, with an inversion center at the center of the C 4 N 4 ring. All of the four carbon atoms and two -N-NO 2 groups are approximately on the chair plane, and two opposite -N-NO 2 groups tilted above and below the plane, respectively. The molecules form rows of chairs with the interstitial site against the molecules of four neighbored rows (Fig. 1b) . Each molecule has six intramolecular hydrogen bonds between the -NO 2 and -CH 2 -groups, and 2-3 intermolecular hydrogen bonds for each -NO 2 group, which forms a network through the crystal. At 102-104 C, b-HMX transforms to the a phase (orthorhombic, Fdd2) 4 and then to the d phase (hexagonal, P6 1 ) when heated at 160-164 C. 6 The HMX molecules in both a and d phase adopt the boat conformation, which have all four nitro groups on one side of the molecular plane.
Goetz et al. reported that the b-HMX was stable up to 5.4 GPa at ambient temperature according to the in situ Raman and IR spectra.
7 By using the Raman spectroscopy and X-ray diffraction, Yoo et al. investigated the phase evolution of the b-HMX under both quasi-hydrostatic condition to 45 GPa and nonhydrostatic condition to 10 GPa. 8 The pressure-volume relation displays two phase transitions under quasi-hydrostatic compression: one is at 12 GPa with no apparent volume change (3-HMX) and the other is at 27 GPa with a 4% volume change (f-HMX). Under non-hydrostatic condition, the chemical reaction was reported at 6 GPa as the strong increase of the background. Besides these two, Michael Pravica et al. reported another transition occurring near 5 GPa under non-hydrostatic condition.
9 They also proposed that at 25 GPa HMX probably transformed to the known d phase and there is no chemical reaction detected up to 30 GPa at room temperature. By using the isentropic compression experiment technique, D. E. Hare et al. pointed out no obvious indication of the phase transition processing at 27 GPa.
10 By using the same technique to compress HMX single crystals up to 50 GPa, Hooks. et al. also didn't nd any evidences for the phase transition in 27 GPa.
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Theoretically, by using isothermal-isobaric molecular dynamics (NPT-MD) simulation, an abrupt change for the volume and internal geometrical parameters was observed at 27 GPa suggesting a phase transition.
12 Lei Zhang et al. employed the rst-principles method to predict that no b-d/3-d phase transition occurs at 27 GPa.
13 When heated at high pressure, the b-HMX decomposes or aer a phase transition to d-HMX experimentally.
14 Debashits Chakraborty et al. proposed three reaction mechanisms in the gas phase HMX according to the ab initio calculations, including the homolytic cleavage of N-N bond to form NO 2 , the eliminations of HONO and the O-migration from one of the NO 2 groups to neighbouring C atom. 15 Gasper J. Piermarini et al. reported that the pressure decreases the rate of thermal decomposition and they concluded that there might involve a ring expansion prior to bond scission. 16 By employing the in situ infrared (IR) spectroscopy, N 2 O and CO 2 were identied in the decomposition products and they found the pressure accelerates the decomposition at low-to-moderate pressure and decelerates the reaction at higher pressure.
14 Although HMX has been studied and used for at least 60 years, the phase transitions of b-HMX under extreme conditions were still controversial and its reaction mechanism is still not clear. All the known researches on the phase relation are based on the P-V relations or the spectral results, lack of crystallographic results even in the low pressure range, which is actually very important to understand the structure evolution and chemical reaction. Furthermore, for the decomposition process, there are still no enough information about the products of HMX under variable high pressure and high temperature conditions.
In this paper, by combing multiple technologies including in situ Raman, IR, and X-ray diffraction (XRD), we investigated the phase transitions and decomposition of b-HMX under nonhydrostatic pressure up to 40 GPa. Four new phases named z-HMX, 3-HMX, h-HMX and f-HMX were indentied and the crystal structures of b, z and 3-HMX were determined. We found the rotation of NO 2 groups was closely related to the phase transition at 5 GPa from b to z-HMX. Additionally, HMX is decomposed at 8.7 GPa and 300 C, and produces carbon dioxide, hydroxyl, imino and hydroxyimino groups, which indicates that the reaction contains the hydrogen transfer process.
Experimental methods
The HMX sample used for the Raman, IR and synchrotron XRD measurements was gently ground in an agate mortar. The sample was identied as b-HMX by powder XRD analysis on a PANalytical Empyrean diffractometer (Cu Ka radiation), and no impurity was detected. A symmetric diamond anvil cell with d culet ¼ 300 mm was employed to apply pressure. For the in situ IR measurement, a pair of type II diamonds was used. A T-301 stainless steel gasket was pre-indented to a thickness of 40 mm and a hole with diameter of 100 mm was drilled to serve as the sample chamber. In situ Raman spectra were collected on a commercial Renishaw Raman microscope with excitation laser wavelength at 488 nm. In situ IR experiments were carried out on a Bruker VERTEX 70v with HYPERION 2000 microscope. A Globar was used as a conventional source. The spectra were collected in a transmission mode in the range of 600-4000 cm
À1
with a resolution of 2 cm À1 . The aperture was set to 20 Â 20 mm 2 and the absorption of the diamond anvils of the same area was used as the background. No pressure media was added during the Raman and IR measurements. For the in situ IR measurements under high pressure and room temperature, KBr pellet was used to optimize the thickness of the sample for good absorption signals. The in situ IR spectra of HMX without KBr were also measured and no difference was observed.
A resistive heater was wrapped around the cell for heating and the temperature was measured by using a calibrated thermocouple (K-type) placed on the gasket. To avoid the interference of KBr, pure HMX was loaded into the gasket when measuring the IR spectra under high pressure and high temperature conditions. The sample was compressed to $6.6 GPa and heated up to 200 C and 300 C, respectively. The IR spectra were collected aer cooling down to the room temperature.
In situ high pressure angular-dispersive X-ray diffraction (ADXRD) data up to 40 GPa were collected at the High Pressure Station at 4W2 beamline of the Beijing Synchrotron Radiation Facility (BSRF). The incident X-ray was monochromated to 0.6199 A and a Pilatus detector calibrated by a CeO 2 standard sample was used. The beam size was $20 Â 30 mm 2 . The data was reduced by using the Dioptas soware. 17 The pressures of the in situ Raman, IR spectroscopy and XRD measurements were calibrated by the ruby uorescence. 18 The crystal structures and atomic positions of b-HMX under high pressure were determined by Rietveld renement using the Jana 2006 package.
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Results and discussion
Raman spectra of b-HMX under non-hydrostatic high pressure . Upon compression, all the Raman modes show obvious blue shis because of the increasing interatomic interactions. 21 As shown in Fig. 2 , at low pressure region below 5 GPa, a new peak marked by asterisks appears at 98 cm À1 around 4.3 GPa. Meanwhile, as displayed in Fig. 3 , a discontinuity is observed at 5 GPa. It indicates the phase transition from b-HMX to z-HMX. Additionally, it also should be noticed that the two peaks assigned to H-C-H asymmetric stretching (3028 cm À1 and 3036 cm À1 ) shi to high frequency at different rates (Fig. 3d) . The low frequency H-C-H asymmetric stretching mode shis faster than the high frequency one, which makes these two peaks overlap at 1.1 GPa and then separate at 3.2 GPa. This suggests that the H-C-H asymmetric stretching mode at low frequency is more sensitive to pressure. By further compression, several distinct changes are observed above 8.8 GPa, including a new mode (360 cm
À1
) next to the bending mode of the N-N-C or N-N-O bond and a new peak at 1525 cm À1 on the shoulder of n as (NO 2 ) (asymmetric stretches of the NO 2 moieties). The new peak at 1525 cm À1 shows red shi upon further compression, which is probably attributed to the strengthened intermolecular hydrogen bond during compression. 22 Furthermore, the peaks (765 cm À1 and 1285 cm À1 ) ascribed to the s(ONO) (O-N-O wagging vibration) and n as (NC 2 ) (the asymmetric stretches of the C-N-C bond) split signicantly when compressed to 11.8 GPa. The shoulder in the low frequency of s(ONO) also shows red shi upon further compression. All the new modes indicate that the second phase transition from z-HMX to 3-HMX occurs. The phase transition is very sluggish over a broad pressure range from 8.8 to 11.8 GPa. 
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This may be because of the non-hydrostatic pressure condition, or the limited difference between their Gibbs free energies. With further compression, the third phase transition from 3-HMX to h-HMX emerges at 16.6 GPa. Above 16.6 GPa, a new peak emerges at 312 cm À1 at the low frequency side of N-N-C (or C-N-C) bending modes. Meanwhile, a shoulder in the region of the N-N stretching modes emerges at 1000 cm À1 . At 26 GPa, a very weak new peak can be found around 1600 cm
À1
and a lot of peaks disappeared at this pressure (Fig. 3) , this might suggest another phase transition from h-HMX to f-HMX. Solid evidences of this phase transition can be found from the in situ XRD data shown below and consistent with the literatures.
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Therefore, from the in situ Raman spectra under high pressure, four phase transitions are concluded with the transition boundaries at 4.3 GPa, 12 GPa, 17 GPa and 26 GPa. When decompressed to ambient pressure, the Raman spectrum is the same as that collected before compression. This suggests that all the phase transitions are reversible and there is no chemical reaction happened up to 39.3 GPa under non-hydrostatic pressure condition. All the phase transitions are related to the bending or stretching modes of the N-N-C, C-N-C or NO 2 . This suggests that these phase transitions rise from the distortion of the C 4 N 4 ring of the HMX, which may result in the reorientation of the NO 2 groups. More evidences are discussed later in the in situ high pressure IR and XRD investigations. The red shi of the new peaks related to stretching mode (n as (NO 2 )) and wagging vibration (s(ONO)) of NO 2 moieties indicates the enhancement of hydrogen bonds of NO 2 during compression.
IR spectra of b-HMX under non-hydrostatic high pressure
In situ IR spectra were also collected under non-hydrostatic pressure condition up to 40.2 GPa. Table S2 † The peaks in 1500-1700 cm À1 and 2900-3100 cm À1 are ascribed to the asymmetric stretches of the -NO 2 , and the C-H bond stretching respectively. As displayed in Fig. 4 , no remarkable changes are observed in the IR spectral patterns but shi to high frequency below 12 GPa. Above 12.2 GPa, a shoulder peak (978 cm asymmetric stretching display different frequency trends dependent on the pressures. The peak of low frequency moves to high wave number at a higher rate than the one of high frequency. Besides, during compression, two discontinuities are observed at $5 GPa and 13 GPa conrming the phase transition from b-HMX to z-HMX and z-HMX to 3-HMX respectively. Additionally, according to Fig. S1b and c, † the discontinuities emerge at $27 GPa. Several modes, n as (NNC 2 ), b(NNO), n as (NC 2 ), n(NN), r(CH 2 ), n as (CNN), n as (NO 2 ), and n s (CH 2 ) shi to low frequency obviously around 27 GPa and then shi to high frequency again, which indicates another phase transition from h-HMX to f-HMX. The result agrees well with Raman spectra and XRD data indicated below.
X-ray diffraction of b-HMX under non-hydrostatic pressure
To investigate the structural variation of the phases under high pressure, XRD patterns of b-HMX under non-hydrostatic pressure were collected up to 40.7 GPa (Fig. 5) . All the peaks slowly shi to high-angle below 10.6 GPa upon compression. Above 10.6 GPa, the À102 peak gradually shis to low-angle, which corresponds to the phase transition to 3-HMX. At 16.9 GPa, a new peak marked by the asterisk emerges at low-angle, which evidences the phase transition to h-HMX. With further compression above 26.2 GPa, the À102 peak shis to highangle. The À132 peak shis to high-angle from 16.9 to 26.2 GPa at a very fast rate, and slows down above 26.2 GPa. These features are related to the phase transition to f-HMX. All of the diffractions are signicantly weakened above 16.9 GPa, but still observable up to 40.7 GPa, indicating that the phase f-HMX remains stable up to 40.7 GPa. The XRD pattern of sample decompression from 40.7 GPa is just the same as the starting material, which indicates these transitions are reversible. No chemical reaction can concluded from the compressiondecompression cycle.
Rietveld renement was performed to determine the crystal structures. The original structural model of b-HMX are from a previous investigation (P2 1 
). 23 The lattice parameters from 0.2 GPa to 14.5 GPa are shown in Table S3 † and Fig. 6a . The b-axis has the highest compressibility. This is because several hydrogen bonds lie in or close to the ac-plane. The pressure depending unit cell volume was plotted and tted using the 3 rd order Brich-Murnaghan equation of state:
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PðV Þ ¼
B 0 and B 1 are ambient bulk modulus and its derivative, V 0 is the unit cell volume at ambient conditions, and all of them are released for tting. As displayed in Fig. 6b , the volumes at 5.1 GPa and 10.6 GPa are discontinuous compared with other points, so we use two curves to t the data, respectively. From 0. and 119 , respectively according to the literature. 5 Hydrogen atoms were automatically added by the program and xed on the carbon atoms. In the semi-rigid body, the C 4 N 4 ring is still free for distortion and the NO 2 groups can also rotate, but the molecule won't be broken. Fig. 7a displays the molecular structures of ambient pressure and 6.2 GPa, respectively. Compared with that at ambient pressure, the molecular structure at 6.2 GPa abruptly distorts. By measuring the angle between two skew lines (C1 0 -C2 and O3-O4), we found the axial The variations of ve hydrogen bonds with pressure are shown in Fig. 7c, d and S3. † Compared with the intramolecular hydrogen bonds, the intermolecular hydrogen bonds are more compressible. Below 5.1 GPa, the lengths of hydrogen bonds change smoothly. At 6.2 GPa, the length of intermolecular hydrogen bonds related to O3 (hydrogen bond 2, Fig. 7c ) decreases and the length of intramolecular hydrogen bonds related to O3 (hydrogen bond 3, Fig. 7d ) increases abruptly, which indicates the axial nitro rotates at this pressure condition. Above 6.2 GPa, the lengths of hydrogen bonds are more diverging, which is likely to be related to the b-z phase transition and the changing of molecular conformation around 5 GPa.
Decomposition of HMX under non-hydrostatic pressure condition and high temperature
Because no chemical reaction of HMX is observed at high pressure (up to 40 GPa) and room temperature, we use diamond anvil cell (DAC) combing with resistive heating system to explore its chemical reaction under extreme conditions. Fig. 8 display the IR spectra of HMX under high pressure conditions aer heating at 200 C and 300 C. At 6.6 GPa, aer heating at 200 C, the pattern has no remarkable difference compared with the one before heating, suggesting no chemical reaction happened (Fig. 8a) . By heating the sample at 300 C, as shown in the inset photos of Fig. 8a , the colour of HMX changes from white to black and the pressure changes from 6.6 GPa to 8.7 GPa. All the signals of HMX disappeared and four new peaks were observed. The two peaks centered at 2396 cm À1 and 3767 cm À1 arise from the asymmetric stretch (n 3 ) and the combination mode (n 1 + n 3 ) of solid CO 2 , respectively. 26 The peaks appeared at 3500 cm À1 and 3200 cm À1 are tentatively assigned to the stretching of -OH and -NH or -NOH groups.
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The appearance of hydroxyl, imino and hydroxyimino groups indicates that the hydrogen transfer process is included in the decomposition process under high temperature and high pressure conditions. This is consistent with the ab inito study of HMX, which shows formation of the HONO group may be the initiation mechanism of the decomposition reaction. 15 This hydrogen transfer process is also conrmed in the process of nitromentane decomposition under high static pressure and hydrogen transfer to form the aci-ion (CH 2 NO 2 À ) mechanism is thus proposed.
Upon decompression, the IR spectra of the decomposition product changes substantially as shown in Fig. 8b . When decompressed to 5.5 GPa, the peaks centered at 814 cm À1 , 1095 cm À1 , 1314 cm À1 , 1469 cm À1 and 1628 cm À1 become more obvious and most of these peaks can still be observed when the DAC was open, which means these absorption bands come from the solid decomposition products. When the pressure decreases to 2.1 GPa, the peaks assigned to the -OH and -NH or -NOH groups develops to a broad peak centered at 3246 cm À1 and it disappears at 0.6 GPa or opening the cell. This means these peaks related to the -OH and -NH or -NOH groups may come from highly volatile small molecules. The Raman spectrum of the remained black solid exhibits two broad bands centered at 28 which means the black product is most likely a framework material similar to that of a "disordered" graphite.
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Conclusion
Combining with in situ Raman, IR spectroscopy, and X-ray diffraction, a systematic study of phase transitions and chemical reactions of b-HMX under high pressure and high temperature was conducted in this work. Four phases transitions at 5 GPa (z-HMX), 12 GPa (3-HMX), 16 GPa (h-HMX) and 27 GPa (f-HMX) were determined at high pressure and room temperature. The rotations of the NO 2 groups under high pressure are related to the rst phase transition b-z occurring around 5 GPa. All of them are reversible without any chemical reactions below 40 GPa. At 8.7 GPa and 300 C, HMX decomposes to the disordered graphite like black product, highly volatile small molecules with -OH, -NH or -NOH groups and carbon dioxide. The decomposition process contains hydrogen transfer process. Our studies clarify the controversy on the phase transition of b-HMX under high pressure, especially the phase transition at 27 GPa, which has been a long hot debate. The decomposition products under extreme conditions were also given out and described in details. This will give new insights to understand the actual detonation process of energetic materials, which will be benecial for designing new explosive materials with tailored properties.
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